Three antifouling (AF) sesterterpenes have been isolated from the New Zealand marine sponge Semitaspongia bactriana with toxicity against the diatom Nitzschia closterium and bryozoan Bugula neritina. The three metabolites have been characterised by spectroscopic techniques as 7E,12E,20Z-variabilin (1), cavernosolide (2) and lintenolide A (3) (also called spongianolide C) and have low micromolar activity against our two test species. The γ-hydroxybutenolide containing sesterterpenes (2 and 3) show the most promise, with relative stability and suitable lipophilicity for incorporation of either these metabolites, or synthetic analogues, as biocides to produce paints or plastics with AF properties.
With the worldwide total ban placed on organotins and in particular, tributyltin (TBT) as cobiocides in marine antifouling (AF) paints, the need for viable alternatives is ever more important. The toxicity and environmental persistence of TBT is of great environmental concern, with the International Maritime Organisation's convention focussed on preventing also "the potential future use of other harmful substances in anti-fouling (AF) systems" [1] , making bans of other cobiocides likely in the future.
It could be argued, however, that any environmental benefits of removing or reducing these toxic biocides are to some extent offset by the increased economic costs associated with their removal. For example, extra drag of fouled ship hulls causes higher fuel consumption [2] and corresponding increases in CO 2 emissions. Furthermore, less effective long-term AF protection may facilitate hull fouling as a vector for the introduction and spread of invasive species [3] .
Aquaculture is another industry that suffers from increased fouling. Equipment gets regularly clogged, causing higher economic costs and the competition by fouling organisms can lower growth rates and increase mortality of the target species. Conventional AF solutions for treating aquaculture nets and cages tend to be limited to low cost ship paints based on cuprous oxide (Cu 2 O). Unlike the shipping sector, consumer demand for 'environmentally friendly' and natural foods mean that even though copper is an approved biocide, there is considerably more pressure and hence scope, to find lower-toxicity alternatives for the aquaculture industry.
Naturally occurring biocides have evolved through the millennia, where organisms in a highly competitive environment and faced with high fouling pressure, need ways of combating predation and competition. New Zealand is an isolated country with vast marine biodiversity, much of which has not been extensively explored in the context of AF metabolites. A search of the MarinLit database [4] for the key words "New Zealand" and "antifouling" reveals only three references [5a-5c], none of which specifically relate to the discovery of AF metabolites from marine organisms in New Zealand waters. Furthermore, although many AF natural products have been reported [6] , there are, as yet, no commercial AF formulations that contain natural biocides.
With these premise in mind we have undertaken a programme to search for naturally occurring AF metabolites from organisms in New Zealand's marine environment. We collected only sessile organisms that did not display any visible surface macrofouling and that were relatively abundant. We also concentrated exclusively on lipophilic metabolites that have low water solubility and, therefore, more desirable properties for incorporation into hydrophobic binders used in marine ablative paint formulations. We collected 13 such organisms and carried out preliminary chemical and antifouling activity profiling.
The CH 2 Cl 2 extracts of the 13 marine organisms were assayed against two test fouling organisms, the diatom Nitzschia closterium and bryozoan Bugula neritina and their total "antifouling potential" determined. The highest total score exhibited was from the extract of Semitaspongia bactriana, which showed significant AF activity against both species at the lowest screening concentration of 10 µg/mL. As a taxonomic search of this species using the MarinLit database [4] revealed no published literature and many interesting metabolites were detected by LC/MS, the decision was made to pursue the natural product chemistry of the S. bactriana extract.
Bioactivity directed fractionation of the CH 2 Cl 2 extract of S. bactriana -using B. neritina as our test organism -afforded three active metabolites, 1-3 ( Figure 1 ).
The first AF metabolite (1) had λ max of 265 nm, with all spectroscopic (ESIMS, 1 H and 13 C NMR) data virtually identical to 7E,12E,20Z-variabilin [7] . The 20Z configuration for 1 was established due to the characteristic 13 C NMR shift for C-20 (1; δ C 115.6), which, for the 20E geometry, is significantly shifted downfield to ca. 121 ppm [7] . The observed λ max of 265 nm is due to the conjugated tetronic acid moiety in variabilin and this molecular motif was consistent with many minor metabolites in this extract. However, on purification and work-up, variabilin and minor analogues were susceptible to degradation, preventing structural determination of all but the major compound, 1.
The other two AF metabolites, 2 and 3, did not have the characteristic λ max of 1, and had notably different 1 H NMR resonances, in particular loss of the furan resonances observed in variabilin and a downfield shift of olefinic methyl groups (from δ H 1.8 for 1 to around δ H 2.1 for 2 and 3). For cavernosolide (2) , the discrete doubling of many resonances observed in the 1 H and 13 C NMR spectra was not reported in the literature [8] , where broad signals for carbon and hydrogen resonances were reported only around the epimeric centre (C-15 to C-18 and C-25). Notwithstanding this, the NMR data for 2 and corresponding acetates (2a/2b) was consistent with that for cavernosolide [8] .
The third AF metabolite (3) was isomeric with cavernosolide (2) and also exhibited discrete doubling of various NMR resonances. Metabolite 3 was previously reported independently in 1994 by two research groups and given the names lintenolide A [9] and spongianolide C [10] . For lintenolide A, doubling of NMR resonances was also observed and the structure subsequently solved by acetylation and spectroscopic investigation of the purified acetates. Curiously, this phenomenon was not observed with spongianolide C and that structure was solved on the parent compound. As such, our NMR data for 3 were consistent with spongianolide C [10] , while NMR data for both acetates (3a/3b) were consistent with lintenolide A acetates [9] . As our metabolite is more consistent with lintenolide A, (i.e. doubling of resonances was observed), we have adopted that name for 3.
The NMR differences alluded to above, between discrete doubling of peaks and unresolved peaks, is possibly explained by a recent report of amine catalyzed epimerization of γ-hydroxybutenolides, where trace amounts of amine base can cause coalescence of NMR resonances, which can be reversed by the addition of acid [11] . Our final purification step of cavernosolide (2) and lintenolide A (3) was facilitated with formic acid, where residual acid in the sample is likely to be responsible for discrete doubling of NMR resonances.
Although no chemical literature could be found for S. bactriana, this sponge belongs in the family Thorectidae [12] , which are known to be a rich source of sesterterpenes [13] . Of the three metabolites isolated from our collection of S. bactriana, two have previously been reported from this family. Cavernosolide (2) was isolated from Fasciospongia cavernosa [8] , while lintenolides A and B [9] and the related analogues lintenolides C-E [14] and lintenolides F-G [15] were all discovered from the sponge Cacospongia cf. linteiformis. The discovery of lintenolide A (3) from S. bactriana is, therefore, not that surprising, given that the genera is closely related to Cacospongia [12] . However, 7E,12E,20Z-variabilin has not previously been reported from this family, with the majority (20 out of 23) of relevant publications of variabilin and analogues being from the family Irciniidae [4] .
7E,12E,20Z-Variabilin (1) was most toxic towards N. closterium, with an EC 50 value of 3.52 μM ( Table 1 ). The data for 1 had reasonably high standard deviation (SD), possibly due to the instability of this compound. The sesterterpenes 2 and 3 were up to two-fold less active against N. closterium than 1, with EC 50 values of 5.24 μM and 6.72 μM respectively ( Table 1) .
All three metabolites exhibited toxicity to B. neritina with 2 and 3 approximately 5-fold more active than 1, with EC 50 values of 7.41, 1.22 and 1.59 μM for 1-3, respectively ( Table 1 ). For 2 and 3, the EC 50 values are estimates as there was still >50% mortality at the lowest concentration assayed of 1 µg/mL. It was not possible to undertake additional assays at lower concentrations on account of the seasonal field availability of adult B. neritina.
Variabilin, and other related sesterterpene tetronic acids, have been described with cytotoxic properties [16a-16c] , where the tetronic acid moiety was suspected as a significant determining factor to the cytotoxicity [16a,16b] . Variabilin has also been reported to be unpalatable to fish [16d,16e], although inactive against marine fungi and bacteria at 96 μg/mL, the diatoms Amphora coffeaformis, Phaeodactylum tricornutum and Cylindrotheca closterium at 30 μg/mL, and the Cavernosolide (2) was reported as having potent toxicity against the brine shrimp, with a LC 50 of 0.37 μg/mL and moderate toxicity against the mosquito fish Gambusia affinis, with a LC 50 of 0.75 μg/mL [8] . Lintenolides A (3) and B were reported to have toxicity against G. affinis at 10 μg/mL [9] , which is approximately 10-fold higher than that reported for cavernosolide, while lintenolides A-E showed antifeedant activity against the fish Carassius auratus at 30 μg cm -2 of food pellets [9, 14] . All seven lintenolides isolated to date have reported antiproliferative activity [15] .
Of particular interest to us, the γ-hydroxybutenolide moiety in 2 and 3 appears to be the pharmacophore responsible for AF activity. There are many examples in the literature of bioactive sesterterpenes where this pharmacophore has been extended to include the adjacent dihydropyran ring, with two renowned examples being manoalide [17] and petrosaspongiolide M [18] . These two metabolites are part of a larger class of anti-inflammatory compounds, where the dihydropyran ring has been shown to be essential for activity. However, this dihydropyran ring does not appear to be essential for AF activity, as evidenced by both 2 and 3 having comparable AF activity.
The literature of AF metabolites with a γhydroxybutenolide moiety appears to be sparse. Reports include manoalide and three other closely related analogues, with AF activity against cypris larvae of the barnacle Balanus amphitrite and EC 50 values between 0.24 and 2.7 μg/mL [19] and a sesquiterpene with repellent activity against the blue mussel, Mytilus edulis galloprovincialis at 100 μg/mL [20] . Therefore, the AF activity of 2 and 3 is a significant finding, and suggests future applications, including the incorporation of the γhydroxybutenolide moiety (or derivatives thereof) into synthetic or semi-synthetic scaffolds with enhanced activity.
We are now examining the AF potential of simple synthetic analogues containing this moiety. Recent reports of the development of methods into synthetic γ-hydroxybutenolides show considerable promise [18, [21] [22] [23] . With simple, cost effective, synthetic analogues being the most likely route to a viable organic biocide, we aim to utilise these synthetic methodologies to further investigate the AF activity of a series of simple synthetic γ-hydroxybutenolide analogues. Extraction methodology: Each organism was frozen, cut into approximately 25 mm square cubes and freeze dried to a constant weight. Each was then placed into a large conical flask and enough CH 2 Cl 2 added to completely cover the material. The flasks were covered and the samples left to steep overnight. Each was then filtered and the resulting extract taken to dryness. This process was repeated a second time, with the final weight recorded and percentage yields calculated.
Bioassay methods:
Stock solutions of extracts/compounds were prepared in ethanol, and a known volume added to test tubes (diatom) or individual wells of 12-well polystyrene multi-plates (Nunc) (bryozoan). Irrespective of the spike volume, all samples, including solvent (ethanol) blanks and positive organic biocide controls (Sea-Nine TM 211) were made up to the same volume (5 mL for diatom and 2 mL for bryozoan), and left to evaporate to dryness (overnight) on an orbital shaker in a fumehood (multiwall plates) or using a centrifugal evaporator (test tubes). Copper (as an aqueous Cu 2+ solution) was included as a positive biocide control, with a stock solution of CuCl 2 added directly to the well plate or test-tube to give the required final assay concentration of Cu 2+ (typically 5 µg/mL).
Diatom: The diatom, Nitzschia closterium, was cultured in the laboratory and added in exponential growth phase to test tubes containing controls and extracts/compounds at a concentration of approx 0.5 µg/mL chlorophyll a (Chla). The tubes were then incubated at 25°C under 16:8 light:dark fluorescent lighting cycle for 48 hours on an orbital shaker table. At the end of incubation, samples were filtered through a 0.45 µm cellulose acetate filter and Chla was extracted with the addition of dimethylsulfoxide (DMSO). Absorbance was then measured using a Shimadzu UV spectrophotometer at 664 nm and 630 nm and Chla concentration calculated using the formula [24] :
[Chla] (μg/mL) = 11.47 × (OD 664 -0.4) × OD 630
The Chla concentration of samples that had been exposed to extracts/compounds was then compared to that of the controls to identify which extracts exhibited growth inhibition properties.
Bryozoan: The bryozoan, Bugula neritina, was collected from the hulls of boats in marinas at Tauranga and Mt Maunganui, 1 day prior to test initiation. Upon return to the lab (within 2 hours of harvesting) the B. neritina was transferred to fresh filtered seawater (18°C) and aerated in the dark overnight. The following morning, the B. neritina was encouraged to release larvae with the addition of fresh seawater, light and food in the form of the algae, Minutocellus polymorphus. As the larvae are positively phototactic they were readily concentrated at the surface using a concentrated light source and collected using a Pasteur pipette. Larvae (ca. 10-20 individuals) were then transferred to each individual pre-treated well (3-4 replicates per treatment). Assays were run for ca. 24 hours (overnight) at 18°C in the dark. At the end of the incubation period each dish was viewed under a binocular microscope and the number of settled vs. unsettled and alive vs. dead larvae was recorded.
Toxcalc: Effective concentration values at the 50% effects level (EC 50 ) for each metabolite against the two test organisms were calculated using the ToxCalc TM software [25] , using Cu 2+ (5 μg/mL) as the positive control for Nitzschia closterium and Sea-Nine TM 211 (10 μg/mL) as the positive control for Bugula neritina. EC 50 values are reported in units of μg/mL and μM.
Purification of metabolites from Semitaspongia bactriana:
The total extract of S. bactriana was solvent/solvent partitioned between hexane (100 mL) and 80% MeOH/H 2 O (100 mL). A proportion (500 mg, 27% w/w) of the bioactive aqueous MeOH extract was fractionated by silica SPE, (Phenomenex Strata, 5 g cartridge) using stepwise gradient elution from 25% CH 2 Cl 2 /hexane to CH 2 Cl 2 , through increasing percentages of EtOAc in CH 2 Cl 2 and finally increasing percentages of MeOH in EtOAc, affording 10 fractions. 
